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Introduction {#sec001}
============

Cell-based strategies for bone regeneration have been extensively investigated \[[@pone.0220028.ref001], [@pone.0220028.ref002]\] and the applicability of multipotent mesenchymal stromal cells (MSCs) has been demonstrated in several preclinical models \[[@pone.0220028.ref003]\]. Despite this achievement, translation to clinical practice appears to be difficult and only few clinical studies have been reported, which consisted mainly of case series. Main limiting factors when upscaling the technique include metabolic stress due to hypoxia and lack of early vascularization and activation of the host immune system \[[@pone.0220028.ref004], [@pone.0220028.ref005]\]. Until now the precise fate of implanted cells is not clear. Tracing studies have shown contradictory results for long-term engraftment of MSCs \[[@pone.0220028.ref006]\]. The use of MSCs for bone regeneration has not been adopted in clinical practice but is regarded as a feasible option with several clinical trials ongoing \[[@pone.0220028.ref007], [@pone.0220028.ref008]\].

To induce bone in clinical situations, growth factor-based strategies have been more frequently applied than cell-based applications. Members of the TGF-β superfamily of growth factors, such as bone morphogenetic proteins (BMPs) have been successfully used in spinal fusion surgery and tibial fracture healing \[[@pone.0220028.ref009]--[@pone.0220028.ref011]\]. In order to achieve clinically meaningful effects, BMP-2 is applied on a collagen sponge at a dosage that is much higher than the minimum effective dose to compensate for wash-out and rapid degradation by proteinases \[[@pone.0220028.ref012]\]. Despite this supraphysiological dose, BMP-2 remains present for only a few days \[[@pone.0220028.ref013]\]. BMP-2 use is associated with serious complications probably due to these supraphysiological doses \[[@pone.0220028.ref011], [@pone.0220028.ref014]\]. In natural circumstances, during uncomplicated fracture healing, the BMP-2 levels are elevated for up to three to four weeks \[[@pone.0220028.ref015], [@pone.0220028.ref016]\]. This supports the strive for therapies associated with a sustained and more physiological BMP-2 release to reduce the risk of adverse effects \[[@pone.0220028.ref017], [@pone.0220028.ref018]\]. Gene delivery is one of the approaches that enables BMP-2 production over a period of several weeks \[[@pone.0220028.ref019]\].

Gene delivery strategies consist of viral and non-viral methods. For bone regeneration non-viral transfection strategies are preferred over virus-based methods as they are considered to be safer. Immune responses or complications as a result of mutagenesis have not been described in clinical trials, even at high plasmid DNA dosages \[[@pone.0220028.ref020]\]. Furthermore, the transient nature of plasmid-based transgene expression is desirable in bone regeneration, as only a temporary BMP production is required. The main limitation of non-viral strategies is the transfection efficiency seen for most methods. The resulting low amounts of transgene expression in the target area have hampered clinical translation.

The combination of local gene delivery with the implantation of cells, as a target for the gene delivery, has been proven successful in preclinical models \[[@pone.0220028.ref021]\]. For this purpose, MSCs have been used most frequently as they are efficiently expanded, transfected and implanted \[[@pone.0220028.ref019]\]. Other attractive cell sources that can be harvested and re-implanted during surgery are bone marrow mononuclear cells or fat tissue-derived cells \[[@pone.0220028.ref022], [@pone.0220028.ref023]\]. The fate of these implanted transfected cells is however still unclear. Only a few studies showed long-term engraftment of donor cells via genetic tracing \[[@pone.0220028.ref024], [@pone.0220028.ref025]\]. In general, donor cells are rarely found in the regenerated tissue \[[@pone.0220028.ref026]\]. It remains unclear whether the levels and duration of BMP-2 protein production, which are reached by non-viral gene therapy, are sufficient for osteogenesis. Cell-free plasmid-based gene delivery, which omits the need for the steps of cell isolation, transfection and implantation targets the host cells for transgene expression and might be an elegant alternative \[[@pone.0220028.ref027]\].

In previous work, we developed a non-viral gene therapy technique using alginate hydrogel loaded with plasmid DNA containing the human BMP-2 coding region (pBMP-2) to transfect MSCs. The alginate hydrogel functions both as a delivery vehicle for plasmid DNA to cells \[[@pone.0220028.ref028], [@pone.0220028.ref029]\], and as temporary matrix for seeded cells \[[@pone.0220028.ref030], [@pone.0220028.ref031]\], making alginate a promising gene activated matrix (GAM) \[[@pone.0220028.ref029], [@pone.0220028.ref032]\]. Using this gene delivery approach, MSC-seeded constructs have resulted in detectable protein levels *in vitro* and abundant bone formation in mice \[[@pone.0220028.ref021]\]. To date, the role of transfected MSCs in relation to bone formation remains unclear. Other cell types have not been investigated to date and a single cell-free approach failed to show an increased bone formation \[[@pone.0220028.ref033]\]. This could be due to suboptimal dosage of pDNA, which has shown to be of great importance to transfection efficiency in other work \[[@pone.0220028.ref032]\].

In this study, we investigated the conditions for optimal transgene expression and secondly addressed whether cell seeding is indispensable for non-viral BMP-2 gene expression *in vivo*. Furthermore, because MSCs are BMP-2 responsive and will also produce BMP-2 secreted by neighboring cells, we compared bone progenitor cells with non-osteogenic producer cells (i.e. fibroblasts) in plasmid-based gene delivery constructs.

Materials and methods {#sec002}
=====================

Scaffold components {#sec003}
-------------------

The ceramic scaffold was composed of porous biphasic calcium phosphate (BCP, Xpand biotechnology, Bilthoven the Netherlands) that was used in previous gene delivery studies \[[@pone.0220028.ref032], [@pone.0220028.ref033]\]. The 3x3x6 mm scaffolds consisted of 80±5% (w/v) hydroxyapatite and 20±5% (w/v) β-tricalcium phosphate which were 70±5% porous. The pore size was 200--800 μm. BCP scaffolds were cleaned in ultrasonic baths and autoclaved and subsequently used without further treatment.

Autoclaved high-viscosity alginate powder (International Specialty Products, ISP, Memmingen, Germany) was dissolved in alpha minimum essential medium (α-MEM, Gibco, Breda, The Netherlands) and used at a final concentration of 10 mg/ml, as previously described \[[@pone.0220028.ref032]\]. Autoclaving of alginate results in poorer gelation capacities, and may arguably decrease the molecular weight. Comparing different sterilization methods, including UV light, we found that autoclaving keeps the transfection efficiency unharmed, while resulting in full sterility.

Plasmid DNA containing the GFP and BMP-2 genes {#sec004}
----------------------------------------------

Vectors consisted of pEGFP-N1 (BD Biosciences, Franklin Lakes, NJ, USA), pVAX1/rhBMP-2 ([Fig 1A](#pone.0220028.g001){ref-type="fig"}) and control vector was pVAX1 (Invitrogen) without insert. The pBMP-2 construct contained the full-length human recombinant BMP-2 cDNA. Plasmid DNA was isolated, purified and cleared from endotoxins (EndoFree Plasmid Maxi kit, Qiagen K.K., Tokyo, Japan).

![Plasmid retention and transgene expression in vitro.\
A) Vector maps of the pGFP and pBMP-2. B) In vitro plasmid DNA release over 14 days from constructs consisting of BCP scaffold, alginate hydrogel and pBMP-2. Initial loading concentration was 100 μg/ml. Data are shown from a single experiment (technical triplicate), which was repeated with similar results. C) Microscopic images of pGFP transfected MSCs as well as fibroblasts after 7 days incubation in alginate. Transfection efficiency was 21 ± 4% for the MSC group and 16 ± 3% fibroblasts group (controls not shown). Representative images are shown for two individual experiments. Scale bar = 200 μm. D) BMP-2 protein release from constructs containing MSCs and fibroblasts transfected with pBMP-2 (100 μg/ml) and empty control DNA at day 7. Results represent mean ± SD of technical triplicates, the experiment was repeated with similar results. \* = p \< 0. 05. Original data of graph B and D can be found in Supporting information [S1](#pone.0220028.s001){ref-type="supplementary-material"} and [S2](#pone.0220028.s002){ref-type="supplementary-material"} Data.](pone.0220028.g001){#pone.0220028.g001}

Isolation of fibroblasts and MSCs {#sec005}
---------------------------------

Fibroblasts were isolated from skin samples, collected and pooled from male Fischer 344 inbred rats (Charles River Laboratories, France). Fur was shaved and skin was disinfected with 70% ethanol. A 1 cm^2^ skin sample was obtained aseptically and cut in smaller fragments of approximately 1 mm^2^. These fragments were then digested by treatment with a collagenase solution over 30 minutes under constant stirring. The solution consisted of 0.14 Wunsch units/mL Liberase Blendzyme 3 (Sigma) in culture medium (DMEM/F12 (Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin, 50 mg/mL gentamicin and 0.5 mg/mL fungizone (Sigma)). Subsequently cells were pelleted and washed in DMEM/F12 with 10% (v/v) fetal calf serum (Cambrex, Charles City, IA, USA), antibiotics and fungizone as described above. Thereafter cells were cultured in fibroblast expansion medium (DMEM/F12 with 10% (v/v) fetal calf serum, 100 U/ml Penicillin and 100 μg/ml Streptomycin) at 37°C and 5% CO~2~ in a humidified incubator.

MSCs were harvested and pooled from the marrow of tibias and femurs of the same animals. The bones were aseptically removed and placed in PBS. The epiphyses were cut, while the diaphyses were pierced with a sterile 16-gauge needle. Subsequently the marrow was flushed out with 5 mL PBS. The collected marrow was filtered, pelleted and resuspended in MSC expansion medium (DMEM, 10% (v/v) fetal calf serum, 100 U/ml Penicillin and 100 μg/ml Streptomycin) and cultured at 37°C and 5% CO~2~ in a humidified incubator.

Construct composition {#sec006}
---------------------

A gene tracing study lasting two weeks was performed in rats using pGFP at different concentrations, with or without cells as detailed in [Table 1](#pone.0220028.t001){ref-type="table"}. Osteogenicity of plasmid-expressed pBMP-2 was studied in experiment in rats lasting eight weeks as outlined in [Table 2](#pone.0220028.t002){ref-type="table"}. An additional group was added with a 5-fold higher pDNA concentration compared to the gene tracing study because a plateau concentration was not reached yet and high dosages of pDNA were not disadvantageous for bone formation previously \[[@pone.0220028.ref034]\]. BMP-2 protein at a final concentration of 25 μg/ml was used as the positive control.

10.1371/journal.pone.0220028.t001

###### Experimental groups for gene tracing study using pGFP (two weeks in rats).

![](pone.0220028.t001){#pone.0220028.t001g}

  Group                Ceramic   Alginate   Cells   pEGFP-n1   pVAX1    Location
  -------------------- --------- ---------- ------- ---------- -------- ---------------------------
  pGFP                 \+        \+         \-      100 μg     \-       i.m., s.c. and orthotopic
  pGFP                 \+        \+         \-      10 μg      \-       i.m. & s.c.
  pGFP                 \+        \+         \-      1 μg       \-       i.m. & s.c.
  pGFP + fibroblasts   \+        \+         10^7^   100 μg     \-       i.m. & s.c.
  pGFP + MSCs          \+        \+         10^7^   100 μg     \-       i.m. & s.c.
  Control              \+        \+         \-      \-         100 μg   i.m. & s.c.

All component concentrations are per ml alginate; i.m.: intramuscular implant (n = 6); s.c.: subcutaneous implant (n = 6).

10.1371/journal.pone.0220028.t002

###### Experimental groups used to assess osteogenicity of plasmid based expression of pBMP-2 (eight weeks in rats).

![](pone.0220028.t002){#pone.0220028.t002g}

  Group                  Ceramic   Alginate   Cells   pVAX1-BMP-2   pVAX1    rhBMP-2   Location
  ---------------------- --------- ---------- ------- ------------- -------- --------- ----------
  pBMP-2                 \+        \+         \-      500 μg        \-       \-        i.m.
  pBMP-2                 \+        \+         \-      100 μg        \-       \-        i.m.
  pBMP-2 + fibroblasts   \+        \+         10^7^   100 μg        \-       \-        i.m.
  pBMP-2 + MSCs          \+        \+         10^7^   100 μg        \-       \-        i.m.
  rhBMP-2                \+        \+         \-      \-            \-       25 μg     i.m.
  Control                \+        \+         \-      \-            100 μg   \-        i.m.
  Fibroblast control     \+        \+         10^7^   \-            100 μg   \-        i.m.
  MSC control            \+        \+         10^7^   \-            100 μg   \-        i.m.

All component concentrations are per ml alginate; i.m.: intramuscular implant (n = 14).

Cryopreserved fibroblasts and MSCs were thawed, washed and cultured for three days in expansion medium. Cells were detached using 2 mL of 0. 25% (v/v) trypsin solution (Sigma), washed and resuspended at 10^7^ cells/ml in alginate (10 mg/ml). Gene-activated matrices were created by adding pGFP or empty control plasmid to the alginate, with and without cells, according to the groups in Tables [1](#pone.0220028.t001){ref-type="table"} and [2](#pone.0220028.t002){ref-type="table"}. The alginate mixtures were then carefully pipetted on the porous BCP scaffolds. Even distribution of cells and alginate throughout the constructs was ensured by visual inspection and microscopy prior to implantation. A total volume of 40 μl supplemented alginate was added to each BCP scaffold. To polymerize the alginate, the constructs were submerged in 100 mM aqueous CaCl~2~ supplemented with 10 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.4). After 10 minutes the Ca-solution was replaced by MSC expansion medium.

*In vitro* experiments {#sec007}
----------------------

To assess the *in vitro* plasmid DNA release profiles, constructs were made consisting of BCP scaffold, alginate hydrogel and pBMP (100 μg/ml). These constructs were kept in PBS (500 μl per sample) at 37°C in a humidified incubator for 14 days. Samples were taken at day 1, 2, 3, 7 and 14. The pDNA was separated from other DNA fragments via agarose gel (1% w/v) electrophoresis containing 0.5 μg/ml EtBr (Sigma). EtBr intensity of the plasmid DNA bands was quantified via pixel comparison with a calibration curve made with known concentrations of the same pDNA.

To demonstrate alginate-mediated transfection, fibroblasts or MSCs (10^7^ cells/ml) and pGFP or empty control plasmid (100 μg/ml) were suspended in 100 μl alginate (10 mg/ml) plugs without BCP scaffold. Plugs were polymerized and kept at 37°C in a humidified incubator, and the medium was changed every three days. At day 7, GFP expression was assessed using an inverted fluorescence microscope (AMG EVOS, Fisher).

To quantify the efficiency of BMP-2 synthesis, fibroblasts or MSCs (10^7^ cells/ml) and pBMP-2 or empty control plasmid (100 μg/ml) were suspended in 100 μl alginate (10 mg/ml) plugs without BCP scaffold. Constructs were kept at 37°C in 2 ml expansion medium in a humidified incubator. At day 7 the gel was depolymerized with citrate buffer (150 mM NaCl, 55 mM sodium citrate and 20 mM EDTA in H~2~O) for 15 minutes at room temperature. The BMP-2 concentration in the buffer and the medium was measured with ELISA (Quantikine \#DBP200 from R&D Systems) following standard protocol.

Animals and implantation {#sec008}
------------------------

After approval of the local animal care committee, 14 male Fischer 344 inbred rats (126--150 g; Charles River Laboratories, L'Arbresle, France) were used. Food and water were given ad libitum. The laboratory animal welfare officer monitored the animals' general health and care. All procedures were performed under general anesthesia by inhalation of isoflurane and the incisions were closed using a vicryl 5--0 suture. Pain relief was given by subcutaneous injections of buprenorphine (Temgesic; Schering-Plough, Utrecht, The Netherlands), 0.05 mg/kg body weight, every 8h until 48h postoperatively. After shaving and disinfecting the back of the rats, a posterior midline incision was made to expose the paraspinal muscles. For the gene tracing study (groups outlined in [Table 1](#pone.0220028.t001){ref-type="table"}), six subcutaneous and six paraspinal intramuscular pockets were made. In addition, one orthotopic spinous process defect location was created at the lumbosacral junction. After two weeks the animals were euthanized with CO~2~ asphyxiation and constructs were retrieved and processed for assessment of gene expression. For the pBMP-2 expression study (groups in [Table 2](#pone.0220028.t002){ref-type="table"}) ten paraspinal intramuscular pockets were made per animal, of which eight were used for this study. In both studies, all groups were implanted according to a randomized block design. After eight weeks the animals were euthanized and constructs were retrieved and processed for assessment of bone formation.

Post-mortem sample acquisition and processing {#sec009}
---------------------------------------------

After retrieval, samples were fixed in 4% (w/v) formalin and processed for 5 μm thick decalcified paraffin sections through 0.5 M EDTA and alcohol dehydration series for GFP immunohistochemistry and hematoxylin and eosin (HE) staining. For the pBMP-2 expression study: after retrieval, samples were fixed and cut in half. One half was processed for paraffin embedding as described above for BMP-2 immunohistochemistry, tartrate-resistant acid phosphatase staining and HE staining. The other half was embedded in poly-methyl-methacrylate (PMMA), for undecalcified histology. Sections were stained with methylene blue and basic fuchsin.

GFP immunohistochemistry {#sec010}
------------------------

Immunohistochemistry was used to demonstrate GFP presence, as its intrinsic fluorescence was lost during the tissue processing. Paraffin sections were rehydrated, permeabilized with 0.1% Triton X-100 in PBS and incubated in 0.3% (v/v) H~2~O~2~ for 10 min and in 5% (w/v) bovine serum albumin (BSA) in PBS for 30 min. Sections were incubated for two hours at room temperature with chicken anti-GFP (ab13970, Abcam) at 20 μg/ml in PBS/5% BSA and subsequently washed and incubated with goat anti-chicken Alexa Fluor 594 (ab150176, Abcam) at 8 μg/ml in PBS/5% BSA for 30 min at room temperature. Nuclei were stained with DAPI and sections were mounted in aquamount. GFP presence was assessed with a fluorescence microscope (E600, Nikon). Per sample a midsection was stained and three pre-designated fields of view (ROI) were photographed. Two observers scored the blinded specimens on a scale from 0--3 corresponding to the number of positive cells per ROI (0 = negative; 1 = 1--5 GFP positive cells; 2 = 6--20 GFP positive cells; 3 = \>20 GFP positive cells). Mean scores of both observers were compared. When the scores differed, agreement was reached after discussion.

BMP-2 immunohistochemistry {#sec011}
--------------------------

BMP-2 protein detection was performed as described before \[[@pone.0220028.ref033]\]. Per sample, a midsection was stained and three pre-designated ROIs were photographed, a representative image was chosen. In short, paraffin sections were rehydrated and subsequently permeabilized with 0.1% Triton X-100 in PBS and then incubated in 0.3% (v/v) H~2~O~2~ for 10 min. Antigen retrieval steps were performed in 10 mM sodium citrate buffer (pH 6.0) for 30 min at 95°C. The sections were then incubated in 5% (w/v) bovine serum albumin (BSA) in PBS for 30 min and subsequently for two hours at room temperature with rabbit-anti-BMP-2 (C43125, LifeSpan BioSciences, Province, RI, USA) at 2.5 μg/ml in PBS/5% BSA. Control stainings were performed with non-immunized rabbit immunoglobulin (IgG) 2.5 μg/ml in PBS (Dako, X0903, Glostrup, Denmark). Subsequently samples were incubated with goat-anti-rabbit horseradish peroxidase (Dako, P0448, Glostrup, Denmark) at 1 μg/ml in PBS/5% BSA for 60 min at room temperature. The staining was developed with 3,3'-diaminobenzidine. Counterstaining was performed with Mayer's hematoxylin.

Tartrate-resistant acid phosphatase {#sec012}
-----------------------------------

Osteoclasts, macrophages, and dendritic cells expressing tartrate-resistant acid phosphatase (TRAP) were visualized using the Kit 386A-1KT (Sigma--Aldrich) according to the manufacturer's instructions on decalcified paraffin sections \[[@pone.0220028.ref035]\]. TRAP-positive cells appear in red.

Statistics {#sec013}
----------

The statistical significance of differences between experimental groups in [Fig 1D](#pone.0220028.g001){ref-type="fig"} was assessed using the two-factor ANOVA and Tukey post-hoc test. Data are represented as mean ± standard deviation. P values \<0.05 are considered statistically significant.

Results {#sec014}
=======

*In vitro* assessment of construct performance {#sec015}
----------------------------------------------

The release of pDNA to the surrounding environment was assessed to estimate release kinetics of pDNA from the constructs, which would allow invading and surrounding cells to be transfected after the implantation phase. Up to 50% of the initially loaded plasmid DNA was released in the first three days, which increased to more than 60% after two weeks ([Fig 1B](#pone.0220028.g001){ref-type="fig"}). This implies a prolonged availability of plasmid DNA for seeded cells but also for tissue-resident cells.

To demonstrate transfection of cells by the alginate GAM, fibroblasts or MSCs were included in alginate constructs with pGFP and assessed for *in vitro* GFP expression. GFP-positive cells were observed in both the fibroblast and MSC containing groups ([Fig 1C](#pone.0220028.g001){ref-type="fig"}) but were absent from the control samples (containing empty plasmid, results not shown).

To quantify BMP-2 production as a result of gene transfer, both cell types were transfected with pBMP-2 and cumulative production was measured at day 7. Unpublished work has shown that at this time point gene expression is optimal. Transfection of MSCs resulted in higher BMP-2 production than the other conditions, although fibroblasts also produced a substantial amount of BMP-2. In the MSC control group (transfected with empty plasmid) low levels of endogenously produced BMP-2 were measured. Note that the ELISA detects human BMP-2 as well as endogenous rat BMP-2. In previous studies we have shown that the produced BMP-2 is biologically active \[[@pone.0220028.ref032]\].

Histological and immunological aspects of the implants {#sec016}
------------------------------------------------------

No surgical complications occurred in the rats, and all samples were uneventfully retrieved. To evaluate the host response against the implants as well as infiltration of host cells, immunohistochemistry on decalcified tissue was done. Microscopic analysis of the pGFP tracing study after two weeks revealed tissue ingrowth with connective tissue throughout the entire scaffold, seen for every group and in all three implant locations. Distinct differences in cell morphology or cell density were not found. Multinucleated giant cells (MGCs) were frequently observed in all groups ([Fig 2](#pone.0220028.g002){ref-type="fig"}). Microscopic analysis after eight weeks of the pBMP-2 expression study showed extensive tissue ingrowth throughout the entire scaffold in all groups. Sporadically MGCs were present in the tissue, more evident in the groups with pDNA than the corresponding controls ([Fig 2](#pone.0220028.g002){ref-type="fig"}). Lymphoid clusters or fibrous capsules were not observed.

![Tissue ingrowth and bone formation after two and eight weeks in vivo.\
The images show H&E-stained sections of i.m. samples, containing 100 μg/ml pGFP (week 2), 500 μg/ml pBMP-2 or 25 μg/ml rhBMP-2 (week 8) without seeded cells. A representative image of each group is shown. After two weeks, complete ingrowth of tissue could be observed as well as frequent presence of multinucleated giant cells (MGC). After eight weeks, alginate was no longer detectable in any of the constructs. In all groups containing pDNA a high cell density could be seen together with the frequent presence of MGCs. s = scaffold; B = bone; MGC = multinucleated giant cell. Scale bar = 100 μm.](pone.0220028.g002){#pone.0220028.g002}

Transgene expression in cell-free and cell-seeded implants {#sec017}
----------------------------------------------------------

Presence of GFP expression as a result of transfection was assessed with a semi-quantitative scoring on 4 animals. The results varied with respect to the type of cell being transfected, and was influenced by pDNA dosage and the presence of seeded cells. The two week implantation period was chosen based on in vitro work, and the notion that in vivo degradation and thereby plasmid release would be faster than in vitro. [Fig 3](#pone.0220028.g003){ref-type="fig"} and [Table 3](#pone.0220028.t003){ref-type="table"} show representative images and quantified data respectively. It appears that for the cell-free groups the pGFP concentration of 100 μg/ml clearly resulted in abundant GFP transgene expression. The groups containing seeded cells, both fibroblasts and MSCs, also showed frequent expression of GFP. Overall observations of all samples indicated that GFP was mainly present within the construct, but in two intramuscular samples (100 μg/ml pGFP without seeded cells) tissue outside the construct boundaries stained positive as well. Intramuscular implants showed overall frequent transgene-positive cells. The orthotopic location was also associated with frequent GFP-positive cells. The control samples did not show any GFP, neither within the construct boundaries nor in the surrounding tissue.

![Qualitative imaging of in vivo gene expression.\
A representative image of the GFP immunohistochemistry (in red) for each group implanted in the subcutaneous (left column panels), intramuscular (middle panels) or orthotopic (right panel) locations. Each row represents an experimental group, as outlined in [Table 2](#pone.0220028.t002){ref-type="table"}. Nuclei are DAPI stained (in blue). Scale bar = 100 μm for all panels.](pone.0220028.g003){#pone.0220028.g003}

10.1371/journal.pone.0220028.t003

###### Scoring of transgene expression at the different implant locations.

![](pone.0220028.t003){#pone.0220028.t003g}

                       Rat 1   Rat 2   Rat 3   Rat 4   Sum of scores                                               
  -------------------- ------- ------- ------- ------- --------------- --- --- --- --- --- --- --- ------- ------- -------
  pGFP 100 μg/ml       2       0       1       2       0               3   2   1   3   0   1   1   **6**   **2**   **8**
  pGFP 10 μg/ml        0       0               1       0                   0   0       0   0       **1**   **0**   
  pGFP 1 μg/ml         0       0               0       0                   0   0       0   0       **0**   **0**   
  pGFP + fibroblasts   2       2               1       1                   0   1       2   0       **5**   **4**   
  pGFP + MSCs          1       1               3       0                   3   1       2   3       **9**   **5**   
  Control              0       0               0       0                   0   0       0   0       **0**   **0**   

Each implant was given a score (0, 1, 2 or 3) for the amount of GFP expression (as detailed in the M&M section). The sum of the total scores per group is depicted. i.m.: intramuscular; s.c.: subcutaneous; ort.: orthotopic.

Bone formation and assessment of BMP-2 presence {#sec018}
-----------------------------------------------

As transgene expression was pDNA dependent but a plateau was not reached, a 5 fold higher dosage was included in the pBMP-2 expression study. Furthermore the i.m. location was selected because transgene was more frequently observed in that location. BMP-2 immunohistochemistry was performed to detect the presence of BMP-2 and localize the producing cells, both in and around the implants. The antibody used is human-specific but, as a result of highly conserved sequence, cross-reacts with rat BMP-2. BMP-2 was found in all groups and appeared to be mainly present in and directly around cells that align the BCP scaffold material ([Fig 4](#pone.0220028.g004){ref-type="fig"}). The expression of BMP-2 varied among the individual groups. BMP-2 presence was most obvious in the groups seeded with MSCs and 100 μg/ml pBMP-2 and in unseeded samples containing 500 μg/ml pBMP-2. The groups seeded with fibroblasts (100 μg/ml pBMP-2) and unseeded samples with 100 μg/ml pBMP-2 resulted in frequent BMP-2 positive cells. The positive control with rhBMP-2 showed positively stained osteoblasts bordering the newly formed bone. The negative control groups, both with and without seeded cells, only rarely showed BMP-2 positive cells.

![Identification of BMP-2 protein within the sample boundaries.\
A representative image of the BMP-2 immunohistochemistry is shown for each group. BMP-2 (brown staining, indicated with arrows) is present in all the groups containing pBMP-2, as well as the rhBMP-2 positive control group. The empty vector control groups showed BMP-2 presence sporadically, also when MSCs or fibroblasts were seeded. The BMP-2 antibody recognizes rat endogenous and transgene derived human BMP-2. s = scaffold. Scale bar = 100 μm for all panels.](pone.0220028.g004){#pone.0220028.g004}

The MMA sections showed no bone formation in any of the groups with pBMP-2, whereas in seven out of eight rhBMP-2 containing constructs, bone was present. As we found plasmid-derived BMP-2 expression to be associated with TRAP-positive macrophophages in goat studies \[[@pone.0220028.ref033]\], we performed TRAP stainings on the rat intramuscular constructs. The positively stained multinucleated giant cells (MGC) were visible in regions directly contacting the scaffolds ([Fig 5A](#pone.0220028.g005){ref-type="fig"}), coinciding with the localization of BMP-2 positive cells ([Fig 5B](#pone.0220028.g005){ref-type="fig"}).

![Characterization of the cells expressing BMP-2.\
BMP-2 immunohistochemistry (A) and TRAP staining for cells of the macrophage lineage (B) were performed on sections of the same group (pBMP-2 + MSCs). Cells aligning the scaffold, indicated with the arrows, are stained BMP-2 positive (brown in A) and TRAP positive (red in B). s = scaffold. Scale bar = 200 μm.](pone.0220028.g005){#pone.0220028.g005}

Discussion {#sec019}
==========

In current studies, the potentials and limitations of the alginate-based gene delivery method were investigated. The boundary conditions for efficiency of transgene expression using pGFP and pBMP-2 were determined *in vitro*. Then *in vivo* performance of cell-free and cell containing constructs elucidated that cell-free constructs loaded with pDNA in an alginate matrix can locally transfect the host cells. Furthermore, co-seeding of MSCs with this technique resulted in enhanced BMP-2 presence in the tissue. Despite evidence that local BMP-2 production was increased in the conditions with pBMP-2, this did not lead to ectopic bone formation. Detectible ectopic bone formation only occurred with the use of rhBMP-2.

To ensure adequate gene transfer and BMP-2 production in the *in vivo* bone-induction experiment, *in vitro* BMP-2 release was determined. Although fibroblasts and MSCs both produced BMP-2 after transfection, the average BMP-2 secretion was higher in MSCs. This could partly be explained by an autocrine feedback loop in MSCs, in which BMP-2 induces differentiation and endogenous BMP-2 production, as transfection efficiencies of MSCs and fibroblasts were similar (data not shown) \[[@pone.0220028.ref036]\]. Alternatively, the production capacity per cell type might differ.

The tracer gene GFP was used to assess transgene expression and to establish optimal plasmid DNA concentration *in vivo*. This marker is widely known for its sensitivity and great signal to noise ratio in tissue samples by immunohistochemistry. Using pGFP, the transfection of host cells was demonstrated after two weeks. Furthermore, the gene tracing experiment was set up to determine optimal plasmid DNA dosage. As a plateau effectivity of pDNA dosage could not be reached in the cell free groups and because high plasmid concentrations are not associated with severe side effects \[[@pone.0220028.ref034]\], we included one group with an even higher dose of pBMP-2 (500 μg/ml) in the bone-induction experiment.

To gain insight in the role of BMP-producing cells, MSCs and fibroblasts as producer cells were compared in plasmid-based gene delivery constructs. We hypothesized that fibroblasts could be suitable target cells for gene therapy, thereby functioning as a temporary BMP-2 delivery system. This role of fibroblasts stands in contrast to the role of MSCs, which function both as BMP-2 producer and subsequently become bone-forming cells. Although we found differential expression of BMP-2 in several groups, a clear correlation with bone formation was absent. The most obvious reason: the BMP production levels as a result of the *in vivo* transfection may have been insufficient. We showed that 10^6^ cells can in vitro produce up to 1 nanogram of BMP-2 after 7 days ([Fig 1D](#pone.0220028.g001){ref-type="fig"}). Unfortunately these results can not be directly translated to the *in vivo* situation, as local circumstances differ greatly. With the GFP tracer study we showed that adequate transfection takes place, but the precise amount of transgenic protein produced i*n vivo* can not be determined. GFP appears clearly in the immunohistochemistry due to the enhancement steps in the protocol, leading to an estimation of the number of cells transfected, not of the protein levels. Even if *in vivo* BMP production per cell is comparable to the *in vitro* production, it remains debatable whether it will be enough to result in bone formation in clinical relevant bone defects. As a comparison, viral transfection strategies have shown to reach up to 200 nanograms BMP per day per 10^6^ cells, resulting in spinal fusions in rats \[[@pone.0220028.ref037], [@pone.0220028.ref038]\].

To optimize host cell transfection, the timing of pDNA release together with the presence of host cells is essential \[[@pone.0220028.ref039]\]. From the present study it is unknown whether the release of plasmid DNA did or did not match with the presence and/or invasion of target cells. The first preclinical experiments with pDNA that applied a single extremely high dosage only resulted in a minimal increase of gene expression \[[@pone.0220028.ref034], [@pone.0220028.ref040]\]. Interestingly, repeated injections, ensuring prolonged presence of plasmid DNA, did show a strong positive effect on bone formation \[[@pone.0220028.ref041], [@pone.0220028.ref042]\]. Since we observed that pDNA is readily released from alginate *in vitro* and then becomes subject to washout, we suspect that a limited cellular invasion into the constructs was the cause of low BMP-2 expression and absence of bone formation in this group.

Despite the fact that the BMP-2 levels appeared too low to induce bone formation, our results indicate that cell seeding is not obligatory for transgene expression. Most of the BMP-2 expression was associated with multinucleated giant cells, even in the conditions with seeded target cells. Active degradation of the alginate/pDNA complex by the observed MGCs might have diminished the transfection and subsequent BMP-2 production of other resident cells ([Fig 5](#pone.0220028.g005){ref-type="fig"}), thus affecting the sustained pDNA release profile as observed *in vitro* ([Fig 1B](#pone.0220028.g001){ref-type="fig"}). We and others have shown that the application of genetically engineered MSCs could in some cases lead to long-term engraftment or result in temporary local BMP production, as the majority of the cells disappear from the implant area \[[@pone.0220028.ref025], [@pone.0220028.ref026]\]. Furthermore, it has been shown that bone formation as a result of viral BMP gene therapy seems to be independent of cell type \[[@pone.0220028.ref038]\]. These observations underline that the amount of BMP-2 production, together with its timing, are more essential to the process of bone formation than the presence of seeded bone-forming cells during gene delivery.

The exact role of alginate in the method of transfection has been extensively debated. The mechanism behind this transfection has not yet been elucidated, but all data obtained so far lead to the following theory. The alginate forms condensed complexes with pDNA and thus protects the DNA-structures from nucleases. Then, the alginate participates actively in pDNA delivery to the cytosol of cells. High extracellular calcium levels may stabilize the complexes which has shown to result in adequate gene delivery. Thirdly, pDNA release by alginate hydrogel into the surrounding tissue occurs in a timely fashion which results in a continuous controlled presence \[[@pone.0220028.ref043], [@pone.0220028.ref044]\].

In conclusion, the conditions for optimal transgene expression using the alginate gene activated matrix in rats were determined and secondly cell seeding is dispensable for non-viral BMP-2 gene expression *in vivo*. When investigating the role of BMP-producing cells, we found that bone progenitor cells outperformed non-osteogenic producer cells (i.e. fibroblasts) in plasmid-based gene delivery constructs. Despite optimization of current strategy, no bone was formed. Therefore we doubt whether this technique is robust enough to ensure adequate BMP production in clinical relevant models. Other strategies, including more efficient *ex-vivo* transfection methods and/or the use of hydrogel systems that allow cellular infiltration and show sustained release kinetics of plasmid DNA, might be interesting options for increasing efficacy in bone regeneration strategies.
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